Eleven monoclonal antibodies specific for a spin-labeled dinitrophenyl hapten (DNP-SL) have been produced for use in NMR studies. They have been named AN01 and AN03-AN12. The stability constants for the association of these antibodies with DNP-SL and related haptens were measured by fluorescence quenching and ranged from 5.0 x 104 M-1 to >1.0 x 108 M-1. cDNA clones coding for the heavy and light chains of each antibody and of an additional anti-DNP-SL monoclonal antibody, AN02, have been isolated. The nucleic acid sequence of the 5' end of each clone has been determined, and the amino acid sequence of the variable regions of each antibody has been deduced from the cDNA sequence. The sequences are relatively heterogeneous, but both the heavy and the light chains of AN01 and AN03 are derived from the same variable-region gene families as those of the AN02 antibody. AN07 has a heavy chain that is related to that of AN02, and AN09 has a related light chain. AN05 and AN06 are unrelated to AN02 but share virtually identical heavy and light chains. Preliminary NMR difference spectra comparing related antibodies show that sequence-specific assignment of resonances is possible. Such spectra also provide a measure of structural relatedness.
Many different magnetic resonance techniques can be used to gain structural information about antibodies in solution (1) . The combining sites of antibodies specific for spin-labeled molecules are particularly accessible to study by nuclear magnetic resonance (NMR). The spin-label broadens the NMR signals of nearby (<17 A) protons in a strongly distance-dependent manner. A simple NMR difference spectrum, antibody alone minus antibody with bound spin-label, is dominated by resonances from protons that are near the electron spin. Anglister et al. (2) used this effect to gain information about the amino acid composition of the binding site of AN02, a monoclonal antibody raised against a spinlabeled dinitrophenyl hapten (DNP-SL). Growth of the AN02-producing cell line in medium containing selected deuterated amino acids results in virtually complete incorporation of these deuterated amino acids into the antibody. This selective deuteration permits the assignment of resonances to specific amino acid types. Considerable simplification of spectra is afforded through the use of partially deuterated amino acids to remove splitting ofthe resonances. Measurement of the broadening effect of the spin-label on specific resonance signals at various binding-site occupancies allows the calculation of the distance between these protons and the electron spin. A complication in this type of distance measurement arises if the spin-label adopts more than one conformation relative to the protein (3) . An electron paramagnetic resonance spectrum of AN02 with the spinlabel hapten shows the spin-label to be tumbling at the same rate as would be expected for AN02 (2) . The distances from the spin-label of seven AN02 tyrosines were measured by varying the amount of spin-label in the binding site (4) . Such distance measurements were also made for resonances arising from alanine, isoleucine, leucine, threonine, and valine (G.S.R., D.J.L., and H.M.M., unpublished data). Recombination of heavy and light chains with different deuterations has allowed identification of the chain of origin of these tyrosine signals (5) . Nuclear magnetization transfer measurements were used to identify resonance signals from two tryptophans in AN02 that must be <5 A from the hapten (6) .
The NMR lineshapes provide information about the binding-site dynamics. The linewidths of resonance signals originating from residues on the surface of AN02 indicate that these residues are moving much faster than the entire Fab molecule. The linewidths of peaks corresponding to the tyrosine residues for which distance measurements were made varied from 5 to 15 Hz. The sharpness of signals from binding-site protons greatly simplifies analysis of NMR spectra from a protein as large as an Fab fragment. The change in linewidth of a resonance in the AN02 NMR spectrum upon binding of a diamagnetic hapten was used to measure the off-rate for this hapten (4) .
Given the available distance information about amino acids near the spin-label in AN02, sequence-specific assignment of resonance signals will enable construction of a working model of the combining site. We believe that such sequencespecific assignments can be obtained in part by using monoclonal antibodies differing from AN02 by a small number of amino acids. We have thus constructed a panel of 12 monoclonal antibodies that bind the DNP-SL hapten. We have also isolated and sequenced cDNA clones for both chains of each of these antibodies.* These clones enable creation of related antibodies through site-directed mutagenesis, genetic mixing and matching of heavy and light chains, and construction of hybrid variable (V) regions. Preliminary data given below demonstrate NMR difference spectra between closely related antibodies to be a viable technique to obtain sequence-specific assignments.
The Fab fragment of the AN02 antibody forms cocrystals with the DNP-SL hapten that diffract to high resolution (D.J.L., H.M.M., and R. 0. Fox, unpublished data). The solution of the AN02 crystal structure will provide an opportunity to compare NMR and x-ray structural information for antibody-hapten complexes. Proc. Natl. Acad. Sci. USA 85 (1988) described for DNP-SL-keyhole limpet hemocyanin (7). After 2 weeks the mice were boosted with subcutaneous injections of 250 jig of DNP-SL-BSA in complete Freund's adjuvant.
Two weeks later, sera from these mice were screened by ELISA for anti-DNP-SL activity. Mice with the highest anti-DNP-SL titers were then injected with 70 pug of soluble DNP-SL-BSA in aqueous solution via the tail vein. The spleens were removed for fusion 3 days later.
ELISA. DNP-SL-lipid (7) at 2.5 mg/ml in CHCl3 was diluted 1:100 with ethanol and coated on the wells of a 96-well polystyrene plate by evaporation. The wells were washed five times with 0.3% gelatin in phosphate-buffered saline and flicked dry. Appropriately diluted serum or supernatant was added to the wells and incubated for 1 hr. The plates were washed as before and specific antibody binding was detected with /8-galactosidase-conjugated goat anti-mouse immunoglobulin (Bethesda Research Laboratories) followed by an appropriate enzyme substrate.
Preparation of Hybridomas. Exponentially growing Sp2/0 cells (2 x 107) were mixed at a 1:5 ratio with immune spleen cells. The cells were washed three times in serum-free RPMI-1640 medium and gently resuspended in 1 ml of RPMI-1640 containing 40% (wt/vol) polyethylene glycol (PEG; Mr 3500-3700; Baker) and 10% (vol/vol) dimethyl sulfoxide; this solution was added dropwise at 370C over 1 min. The cells were incubated at 370C for 2 min and then diluted slowly with 5% PEG in RPMI-1640. The cells were pelleted by centrifugation and resuspended in 5 ml of serumfree RPMI-1640. The suspension was then brought to 100 ml with RPMI-1640 containing 20% (vol/vol) fetal bovine serum (HyClone, Logan, UT), 2 ,ug of azaserine per ml, and 0.2 mM hypoxanthine, and the cells were seeded in 96-well plates. The cells were fed every 3-4 days, and supernatants were screened by ELISA for anti-DNP-SL activity after the appearance of colonies. Colonies testing positively were immediately cloned and later recloned until all new subclones tested positively. All cell lines were subsequently adapted for growth in medium containing 1% fetal bovine serum to minimize the presence of protonated amino acids during deuteration experiments for NMR.
cDNA Cloning. RNA was isolated from each cell line by the method of Chirgwin et al. (8) , and poly(A)+ RNA was selected with oligo(dT)-cellulose (Collaborative Research, Waltham, MA). A complementary strand of DNA was synthesized by reverse transcriptase (Life Sciences, St. Petersburg, FL) using an oligo(dT) primer (Pharmacia). The RNA was removed by heating to 90°C and digestion with RNase A (Sigma). The single-stranded cDNA was poly(G)-tailed by terminal deoxynucleotidyltransferase (Pharmacia) using dGTP (Pharmacia). Second-strand synthesis was primed with an oligo(dCj primer that contained a Not I restriction site on its 5' end (D. W. Denney and T. St. John, personal communication). The DNA was then methylated with EcoRI methylase and ligated to EcoRI linkers (New England Biolabs). The methylated DNA was digested with EcoRI, size-selected by electrophoresis in an agarose gel, and ligated into EcoRI-treated AgtlO. The resulting phage library was screened with hybridization probes that had been labeled with [a-32P]dCTP (New England Nuclear) by the random hexamer method (9) . The probes consisted of DNA encoding the constant (C) region of y heavy chain or K or A light chain. Positive phage were purified, and the cDNA inserts were sized by electrophoresis and then were subcloned as Not I-EcoRI fragments into pUC18N, mp18N, and mpl9N. These are standard pUC and M13 mp vectors that have been modified to contain a Not I site in the polylinker.
DNA Sequencing. (on the order of 1 error per 6000 base pairs) in our cloning procedures.
A 7-base-pair insertion was observed in one of the clones coding for the AN04 K chain. The correct sequence at the insertion site, as determined from two independent clones, consisted of a contiguous repeat of the 7-base-pair sequence 5' d(CAGCCTG) 3'. In the abnormal clone this sequence was repeated three times, suggesting a slippage or "hiccup" of the polymerase during chain elongation. Error due to the slipping of a polymerase between direct repeats has been postulated as a mechanism of somatic mutation in immunoglobulins (15) .
A series of abnormalities was also observed in the leader sequence of AN02 heavy chain clones near the initiating - Numbering system is according to Kabat et al. (12) . Standard one-letter amino acid symbols are used. ATG. Of four independent cDNA clones sequenced, three different sequences were found in this region (Fig. 4) , one of which was identical to the sequence of this region from a genomic clone of the AN02 heavy chain. Plasmids containing the non-germ-line versions ofthis gene appear to lyse the host bacteria before saturating growth conditions are reached.
DISCUSSION
In Fig. 5 arise from the histidine-94 protons of AN06. The upfield chemical shift of the positive features is unusual for histidine residues but not without precedent (16) . Further experiments, such as selective deuteration, are necessary before a detailed interpretation of these spectra can be made.
The simplicity of the double difference spectrum, c, in Fig.  5 shows that the binding sites of AN05 and AN06 have nearly identical conformations. This result illustrates how simple NMR difference spectra can provide a useful measure of the structural relatedness between antibodies of highly similar sequence. This approach may also be ofuse for other families of closely related proteins for which a limited number of structures are known.
Both AN05 and AN06 have a yellow color after elution from a protein A-Sepharose column. This coloring could not be removed by extensive dialysis. Preliminary experiments show this color to be due to bound riboflavin, presumably from the culture medium. AN05 and AN06 also bind flavin mononucleotide and flavin adenine dinucleotide. This binding of DNP-SL and these flavins is competitive.
ANO1 and AN03 are similar enough in sequence that NMR difference spectra, in combination with deuteration, should yield some sequence-specific assignments. ANO1 and AN03 differ enough from AN02 that direct comparison of NMR spectra is unlikely to yield sequence-specific assignments for AN02. The number of amino acid differences in the V regions and the use of different leader sequences indicate that both chains of AN02 are derived from related but different germ-line genes as those of ANO1 and AN03. AN02 has 100-fold higher affinity for DNP-SL than do ANO1 and AN03. Site-directed mutagenesis should allow identification of residues important for high-affinity binding in these related antibodies. Cloning and sequencing of the germ-line genes that gave rise to the AN02 V regions should enable the construction of mutants for investigation of structural pathways selected during somatic mutation.
The remaining antibodies use unique combinations of heavy and light chains. The diversity found in these anti-DNP-SL antibodies provides a rich source for structural and functional studies. The creation of new antibodies with recombinant techniques further increases the diversity of this system. Mixing and matching heavy and light chains combinatorially increases the number of related antibodies within a subgroup and provides for chain-specific assignments. 
